The reaction mechanism between AlX and HX (X = Br, Cl, and F) have been characterized in detail using DFT as well as the ab initio method.
Introduction
In recent years, several new hydrides of group 13 elements, such as aluminum-containing compounds, have received special attention because they play an important role in the manufacturing process of new materials and synthetic chemistry [1] [2] [3] [4] . Among these important compounds, a considerable importance has been given to the chemistry of the donor-acceptor alane complexes because of their importance in chemical catalysis and elementary chemistry and also because of their structural richness and their potential to act as metal sources in chemical vapor deposition (CVD) processes [5] [6] [7] [8] . Thus, the knowledge of their complexation energies and their stability would be very useful for a quantitative description of their reactivity, reaction mechanisms and also their applications. These compounds are also of major importance for living beings, and new optical materials [9] [10] [11] .
Therefore, theoretical and experimental chemists are taking a great interest in aluminum donor-acceptor complexes. They have conducted many studies about their nature of bonding, structural parameters, stability, and chemical properties using different analysis methods [12] [13] [14] [15] [16] [17] [18] .
In our previous study [19] we focused on the possible reactions yielding AlFCl 2 and dihydrogen. In this work, we present a theory of the spontaneous and photolytical reactions of AlX in the presence of HX (X = F, Cl, and Br).
Experimental Procedures
All calculations were carried out using Gaussian 03 [20] . The geometry of all reactants, intermediates, transition states and products have been optimized using the DFT method at the B3LYP/6-311G(d,p) of theory, followed by harmonic vibrational frequency calculations. Intermediates possess all real frequencies, whereas the transition states possess only one imaginary frequency. The zero-point energy (ZPE) corrections were carried out at the B3LYP/6-311G(d,p) level. The ZPEs were scaled up by the factor 0.9153 [21] . To explicitly establish the relevant species, the intrinsic reaction coordinate (IRC) [22, 23] was also calculated for all the transition states that appear on the energy surface profile. In order to improve accuracy of the energetic results, single point calculations were performed based on the B3LYP/6-311G(d,p) optimized geometries at the CCSD(T)/6-311G(d,p) level. This level of calculations has been successfully used to study similar processes [24] [25] [26] . Final energies were calculated at the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p)+ ZPE level.
Results and discussions
The optimized structures, at the B3LYP/6-311G(d,p) level, of the reactants AlX and HX (X = F, Cl, and Br), intermediates HX-AlX, HX 2 The second possible pathway leads to the same product (AlX 3 ). It starts by forming the donor-acceptor complex (AlX(HX) 2 ) which turns into trihalide and molecular hydrogen as recently suggested by Himmel et al. [27] , the concerted stepwise mechanism (reaction channel (2)): .77 kJ mol -1 when X = Br, Cl, and F, respectively. Indeed, with the large activation barrier energies, this step is expected to be slow. Theoretical determination of the favorable mechanism of the reaction between AlX and HX (X = Br, Cl, and F) As illustrated in Figs. 1-3 , the obtained trihalide AlX 3 passes by three intermediates XAl-XH, HXAl-XH and XAl-H 2 according to reaction channel (1) and by two intermediates HX-AlX-XH and XAl-H 2 according to reaction channel (2) . Structurally, the geometry of AlX and HX remains unperturbed when they are combined in the first intermediate Figs. 1-4 , the calculated distance of the Al-X bonds (3.897, 3.117, and 2.615 Å when X = Br, Cl, and F, respectively) are considerably longer than that in the corresponding product AlX 2 H (2.256, 2.098, and 1.663 Å when X = Br, Cl, and F, respectively).
Then intermediate XAl-XH isomerizes to AlX 2 H (X = Br, Cl, and F) with high barrier energies of 94.51, 117.56, and 108.77 kJ mol -1 , respectively, in which Al-X bonds are shortened (2.772, 2.561, and 1.879 Å for X = Br, Cl, and F, respectively) and the Al-H bonds are also shortened from transition states (1.678, 2.561, and 1.879 Å for X = Br, Cl, and F, respectively) to products (1.562, 1.558, and 1.554 Å, respectively).
Another geometrical difference appears in the bond angles ∠Al-X-H which become larger from transition state to the primary product The concerted mechanism implies AlX molecule and two HX molecules. Indeed, the reactions of AlX with two HX molecules lead to trihalides AlX 3 and molecular hydrogen. The reactions are highly exothermic. The calculated reaction energies are -311.61, -300.49, and -350.95 kJ mol -1 , when X = Br, Cl, and F respectively. Figs. [5] [6] [7] show that the concerted mechanism occurs also in three stepwises: the first one corresponds to the formation of the intermediates HX-AlX-XH by a complexation reactions between the reactant AlX Theoretical determination of the favorable mechanism of the reaction between AlX and HX (X = Br, Cl, and F) and two HX molecules, with a release energy of 9.87, 12.31, and 47.19 kJ mol -1 when X = Br, Cl, and F respectively. The second step is an isomerisation of the intermediates HX-AlX-XH to AlX 3 -H 2 complexes through the TS3(X) transition states with a high activation barrier energies of 185.46 kJ mol -1 for X = Br, 218.67 kJ mol -1 for X = Cl, 198.78 kJ mol -1 for X = F. The unique imaginary frequency of transition states TS3(Br), TS3(Cl), and TS3(F) are 1482.3i, 1495.6i, and 1490.2i, respectively. Therefore, these transition states can be affirmed as the real ones. The transition states TS3(X) connect the second (HX-AlX-XH) and the third intermediates (AlX 3 -H 2 ) in accordance with the calculations of the IRC of TS3(X) and the further optimization of the primary IRC results. Moreover, the computation results carried out in this work indicate that the transition states TS3(X) are five-membered ring types and the reactions are synchronous concerted ones. The two Al-X bonds are formed are formed simultaneously.
The last step of the reactions, the transformation of AlX 3 -H 2 to the trihalide products AlX 3 and molecular hydrogen, correspond to barrier-free and are slightly endothermic reactions of 2.96 kJ mol -1 (X = Cl) and 9.20 kJ mol -1 (X = F) and of barrier-free slightly exothermic reaction of -0.04 kJ mol -1 when X = Br. Thus, as discussed above, reaction channel (1) which is not concerted occurs in three steps, and the second step is a rate-determining one; while reaction channel (2) is predicted to be concerted.
Under the terms of the above discussion, the reaction channel (1) is competing with reaction channel (2) . For the considered trihalides AlX 3 , the activation barrier energies of transition states TS3(X) (X = Br: 185.46 kJ mol -1 , X = Cl: 218.67 kJ mol -1 , X = F: 198.97 kJ mol -1 ) of path 2 are higher than that of TS1(X) (X = Br: 94.51 kJ mol -1 , X = Cl: 117.56 kJ mol -1 , X = F: 108.77 kJ mol -1 ). This indicates that, for all the species (X = Br, Cl, and F), the first pathway is kinetically more favorable than the second one.
Conclusion
On the basis of our detailed analysis of the mechanisms for the reaction of AlX with HX, we find that the reaction channel (1) is competing with reaction channel (2) . For the given trihalides, the activation barrier energies of the transition states TS3(X) of path 2 are higher than Theoretical determination of the favorable mechanism of the reaction between AlX and HX (X = Br, Cl, and F) that of TS1(X) of path 1 by 90.95 kJ mol -1 for X = Br, 101.11 kJ mol -1 for X = Cl and 90.01 kJ mol -1 for X = F. This indicates that path 1 is kinetically more favorable than path 2. On the other hand, reaction channel (1) is not concerted, which consist of three steps, and the second step is a rate-determining one; while reaction channel (2) is predicted to be concerted and synchronous. In other words, under the same reaction conditions, the possible routes to the trihalides species start more favorable with the primary insertion products AlX 2 H than with the biadducts AlX(HX) 2 ones.
